The oxidation processes of linoleic acid in the presence of ferulic acid, and 1-pentyl, 1-hexyl and 1-heptyl ferulates were observed at various temperatures and different molar ratios of each additive to linoleic acid. The processes were analyzed based on a kinetic equation of the autocatalytic type to evaluate the oxidative rate constant, k, and the kinetic parameter, Y 0 , by which the initiation period for the oxidation of linoleic acid was mainly governed. The k values for linoleic acid mixed with each of the alkyl ferulates were smaller than that for linoleic acid mixed with ferulic acid. The greater suppressive effect of the alkyl ferulates would be ascribable to their higher solubility in linoleic acid. Both the activation energy, E, and the frequency factor, k 0 , for the oxidation of linoleic acid mixed with ferulic acid or pentyl ferulate decreased with increasing molar ratio of the additive to linoleic acid.
Ferulic acid, 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid, occurs as an ester in rice, wheat, barley, citrus fruits, and many other plants, and is an efficacious radical scavenger which readily forms a resonancestabilized phenoxy radical because of its phenolic nucleus and its extended side-chain conjugation. 1) Due to its radical scavenging ability, it is used as an additive in foods to prevent lipid oxidation. However, the low solubility of ferulic acid in lipids restricts its application in the food industry. Lipophilic antioxidants are supposed to be more effective for suppressing lipid oxidation than hydrophilic ones. 2, 3) Alkyl ferulates, which should be more lipophilic than unmodified ferulic acid, have recently been utilized in the food and cosmetic industries as antioxidants and radical scavenging agents. 4, 5) However, no kinetic study based on adequate rate expression has been reported for the suppressive effect of ferulic acid or alkyl ferulate on the lipid oxidation.
Lipid oxidation, which causes rancidity and nutritional deterioration in food, consists of a complicated process including initiation, propagation and termination steps. The kinetics for lipid oxidation have been extensively studied, 6, 7) and the entire lipid oxidation process has been described by a kinetic expression of the autocatalytic type in terms of the fraction of the unoxidized substrate. 6) This expression was applied to the entire oxidation process of n-6 unsaturated fatty acids and their alkyl esters and acylglycerols, and the kinetic parameters were evaluated. 8, 9) The oxidation processes of linoleic acid in the presence of ferulic acid and alkyl ferulates were observed in this study, and the applicability of a kinetic equation of the autocatalytic type to the processes was examined. The rate constants were obtained at various temperatures, and the activation energy and frequency factor for each rate constant were evaluated. The antioxidative abilities of ferulic acid and alkyl ferulates are discussed based on their solubility in linoleic acid.
Materials and Methods
Materials. The ferulic and linoleic (> 90% purity) acids were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). The 1-pentyl-, 1-hexyl-and 1-heptyl ferulates were synthesized according to the reported methods. 10) All other chemicals of analytical grade were obtained from Wako Pure Chemical Industries (Osaka, Japan).
Solubility of the alkyl ferulates in linoleic acid. An alkyl ferulate or ferulic acid (> 100 mg) was weighed in an amber vial, and 1 ml of linoleic acid was added to the vial. After vigorously shaking the vial in a silicon oil bath with a Personal-EX shaker (Taitec, Nagoya, Japan) for 0.5 h at a temperature of 37 C to 80 C, the vial was incubated in the bath for a further 15 min at the same temperature to precipitate the undissolved specimen. The upper solution was then carefully removed so as not to contaminate the undissolved specimen and diluted 100 or 1000 times with methanol. The diluted sample (2.5 ml) was analyzed to determine the solubility with an HPLC system equipped with a pump (LC-10ADvp, Shimadzu, Kyoto, Japan), an ODS column (Capcell Pack C18, 4.6 mm i.d., 150 mm height; Shiseido Fine Chemicals, Tokyo, Japan), and an ultraviolet detector (SPD-10Avp, Shimadzu) at 300 nm. The eluent was a mixture of methanol and water (90:10 by vol.) and its flow rate was 0.8 ml/min.
Oxidation of linoleic acid. The oxidation process of linoleic acid mixed with an alkyl ferulate or ferulic acid at various molar ratios and temperatures was measured: Linoleic acid was dissolved in methanol at a concentration of 0.08 mol/l. Ferulic acid, 1-pentyl-, 1-hexyl-, or 1-heptyl ferulate was also dissolved in methanol at a concentration of 0.04 mol/l. The methanol solutions of linoleic acid and the alkyl ferulate or ferulic acid were mixed to give a molar ratio of the additive to linoleic acid of 1:0 Â 10 À4 , 3:0 Â 10 À4 , 1:0 Â 10 À3 , or 3:0 Â 10 À3 . Each mixture (250 ml) was poured into a vial, and the methanol in the vial was evaporated under reduced pressure. Ten to fifteen vials were prepared for storage. The vials were placed in a plastic container in which a Petri dish filled with phosphorus pentoxide was placed to regulate the relative humidity to 0%. The containers were stored in the dark at 37, 50, 65 or 80 C. At appropriate intervals, a vial was removed from the container, and the amount of unoxidized linoleic acid was determined by a GC-14B gas chromatograph (Shimadzu) with a flame ionization detector, using methyl palmitate as the internal standard.
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Results and Discussion
Solubility of the alkyl ferulates in linoleic acid Figure 1 shows the solubility of ferulic acid and the pentyl, hexyl and heptyl ferulates in linoleic acid at various temperatures. The solubility of the alkyl ferulates was much higher than that of ferulic acid. This high solubility of the alkyl ferulates indicates that the introduction of an alkyl residue to ferulic acid had improved its hydrophobicity. Although the longer alkyl chain seems more hydrophobic, there was no significant difference in solubility among the alkyl ferulates.
Oxidation process for linoleic acid mixed with an alkyl ferulate Figure 2 shows the oxidation process for linoleic acid mixed with ferulic acid, or with 1-pentyl, 1-hexyl, or 1-heptyl ferulate at a molar ratio of the additive to linoleic acid of 3:0 Â 10 À4 at 37, 50, 65 and 80 C, and 0% relative humidity. The process for linoleic acid with no additive was also observed under the same conditions as shown by the filled symbols in Fig. 2A . Figure 3 shows the effect of the molar ratio of ferulic acid or alkyl ferulate to linoleic acid on the oxidation of linoleic acid at 50 C and 0% relative humidity. The addition of ferulic acid or alkyl ferulate significantly improved the oxidative stability of linoleic acid, except with the addition at a very low molar ratio of 1:0 Â 10 À4 . The higher the molar ratio, the more strongly the oxidation of linoleic acid was suppressed by any additive. There was no significant difference in the antioxidative ability among the pentyl, hexyl and heptyl ferulates. On the other hand, the three alkyl ferulates had a more suppressive effect on the oxidation of linoleic acid than ferulic acid, being consistent with the reports by Anselmi et al. 13) and Kikuzaki et al. 14) These results demonstrate that the antioxidative ability of the alkyl ferulates against the oxidation of linoleic acid was more effective than that of ferulic acid, although Anselmi et al. 13) have reported no statistically significant difference between the ferulates and ferulic acid in the radical scavenging activity when using the DPPH test. The opposite effect that hydrophilic antioxidants were effective in bulk oil due to their orientation at the airoil interface has been reported. 15) The reason for this difference in effect between the present and previous studies remains unclear. A possible explanation is an effect on the oxidation rate from the diffusion of oxygen.
The oil layer was much deeper in the previous study than in this study, where a very small amount of linoleic acid was used to prevent the effect. There is the possibility that the interfacial mass transfer of oxygen affected the overall oxidation rate when the layer was deep, although a quantitative analysis of the effect is required to confirm this.
Applicability of the autocatalytic type of kinetic equation to the oxidation process for linoleic acid mixed with alkyl ferulate
The entire oxidation process for linoleic acid can be expressed by the following autocatalytic type of kinetic equation:
where Y is the fraction of the unoxidized substrate, t is the time, and k is the rate constant. Under the condition of Y ¼ Y 0 at t ¼ 0, the integration of Eq. 1 gives:
where Y 0 is a parameter which reflects the initial state of the substrate. The applicability of Eq. 2 to the oxidation process for linoleic acid mixed with ferulic acid or alkyl ferulate was examined by plotting ln½ð1 À YÞ=Y versus t for the results shown in Fig. 3 (Fig. 4) . In every case, the plots gave a straight line, indicating that a kinetic expression of the autocatalytic type was applicable to the oxidation process for linoleic acid with ferulic acid or alkyl ferulate, as well as to the process for linoleic acid without any additive. The kinetic parameters, k and Y 0 , were determined from the slope and the intercept, respectively, of the line. The curves in Figs. 2 and 3 were drawn by using the k and Y 0 values estimated from the plots. The k and Y 0 values for the oxidation process of linoleic acid with various molar ratios of ferulic acid or pentyl ferulate to linoleic acid were also evaluated at different temperatures in the same manner.
Dependence of the kinetic parameters on the molar ratio of alkyl ferulate Figure 5 shows the dependence of the k and 1 À Y 0 values on the molar ratio of ferulic acid or pentyl ferulate to linoleic acid at various temperatures. The addition of ferulic acid at the molar ratio of 10 À4 had no significant suppressive effect on the oxidation of linoleic acid, and the k value at this ratio was almost the same as that for the oxidation of linoleic acid with no additive at any temperature. At ratios higher than 10 À4 , however, the oxidation of linoleic acid was suppressed by adding ferulic acid, and the k value decreased with the increasing ratio at any temperature. The addition of pentyl ferulate slightly lowered the k value even at the ratio of 10 À4 , and the k value decreased in proportion to the ratio on the double logarithmic scale. The dependence of the k value on the ratio for pentyl ferulate was greater than that for ferulic acid. The autocatalytic type of kinetic equation has another parameter, Y 0 . Although this parameter was conveniently introduced to solve the equation, it apparently reflected the initial state of the substrate.
8) The period of initiation was longer for larger Y 0 due to mathematical features of the equation. To examine how the molar ratio of ferulic acid or pentyl ferulate to linoleic acid affected the period of initiation, the Y 0 value was evaluated for all the tested oxidation processes. The Y 0 value at different temperatures is also plotted versus the molar ratio in Fig. 5 in the form of 1 À Y 0 , because the quantity of 1 À Y 0 was correlated with the initial peroxide value.
8) The linoleic acid sample used for the tests at 80 C had deteriorated, and the 1 À Y 0 value for linoleic acid with no additive was large compared with that used at the other temperatures. Therefore, the 1 À Y 0 value relative to that for linoleic acid with no additive was important for examining the effect of the addition of ferulic acid or pentyl ferulate on the elongation of the initiation step. In every case, the 1 À Y 0 value decreased with increasing ratio, indicating that ferulic acid or pentyl ferulate delayed the start of the propagation step, because ferulic acid or pentyl ferulate probably scavenged the linoleic acid radical produced during the initiation step.
The temperature dependence of rate constant k was analyzed based on the Arrhenius equation:
where k 0 is the frequency factor, E is the activation energy, R is the gas constant, and T is the absolute temperature. The k values obtained at a specific molar ratio of ferulic acid or pentyl ferulate were plotted against 1=T. Linear plots were obtained to evaluate the E and k 0 values from the slope and the intercept, respectively, for every ratio. Figure 6 shows the relationships between the molar ratio and the E and k 0 values. The E values for linoleic acid mixed with ferulic acid and with pentyl ferulate were 34 to 40 kJ/mol and decreased with increasing molar ratio. The k 0 value for linoleic acid mixed with pentyl ferulate was smaller than that for linoleic acid mixed with ferulic acid. The k 0 values decreased with increasing molar ratio for both ferulic acid and pentyl ferulate. These results indicate that the entropy change compensated the enthalpy change in the presence of pentyl ferulate and of ferulic acid. 
Conclusion
The 1-pentyl, 1-hexyl, and 1-heptyl ferulates each had a more suppressive effect on the oxidation of linoleic acid than ferulic acid due to their high solubility in linoleic acid, but no significant difference was apparent among the alkyl ferulates. The higher the molar ratio of ferulic acid or pentyl ferulate to linoleic acid, the more strongly the oxidation of linoleic acid was suppressed. The results of this study suggest that the solubility of an antioxidant in a lipid would be an important factor for effectively suppressing lipid oxidation and that alkyl ferulate is a more promising antioxidant than ferulic acid. 1-Pentyl Ferulate to Linoleic Acid on (filled symbols) the Activation Energy, E, and (unfilled symbols) the Frequency Factor, k 0 , for the Oxidation of Linoleic Acid at 0% Relative Humidity.
